Using the top-of-the-atmosphere radiative flux and cloud data from satellites, as well as atmospheric data from NCEP-NCAR reanalysis, this paper investigates the reason for the unusually large high-cloud amount in the Asian monsoon region during the summer monsoon season (June-September). Earlier studies attributed the large negative net cloud radiative forcing in the Asian monsoon region to the unusually large high-cloud amounts with high optical depth. Analysis during 1985-89 suggests that the unique upper-tropospheric easterly wind shear [tropical easterly jet (TEJ)], present over the Asian monsoon region during the summer monsoon season, may be responsible for the unusual increase in cloud amount. This strong wind shear sweeps the cloud tops and may be unfavorable for cloud growth beyond about 300 hPa. The spreading of cloud tops by wind may increase the high-cloud amount. A significant association is found between the high-cloud amount and the speed of the easterly jet. In addition, magnitudes of the shortwave, longwave, and net cloud radiative forcing also strongly depend upon the variations in the speed of TEJ.
Introduction
Clouds affect the radiative energy balance of the earth. They cool the earth-atmosphere system by reflecting a fraction of the incoming solar radiation and warm the system by trapping a fraction of the outgoing longwave terrestrial radiation. It is well established that the top-of-the-atmosphere net cloud radiative forcing (NCRF) in the tropical deep convective regions is nearly zero (Kiehl and Ramanathan 1990) . In the Tropics, the top-of-the-atmosphere shortwave cloud radiative forcing (SCRF) and longwave cloud radiative forcing (LCRF) are nearly equal in magnitude but opposite in sign. Thus, in general, deep convective clouds of the Tropics neither cool nor warm the earth-atmosphere system.
Deep convective systems of the Tropics annually migrate between the Northern and Southern Hemispheres in accordance with the apparent movement of the sun (Webster et al. 1998) . During the Northern Hemispheric summer, they are found over the Asian monsoon region. In April, they are found over the near-equatorial latitudes of the western Pacific, the east Indian Ocean, and west-central Africa. Rajeevan and Srinivasan (2000) showed that the near cancellation of SCRF and LCRF is not valid in the Asian monsoon region during the summer monsoon season (June-September), though it is valid inside the tropical latitude. They found that NCRF is negative with magnitudes exceeding 30 W m Ϫ2 in 25% of the grids in the Asian monsoon region extending between the Arabian Sea and the western Pacific. They suggested that the presence of an anomalously large amount of high clouds with high optical depth in the Asian monsoon region is the cause for the negative NCRF, but the reason for the unusual cloud physical properties found only in the Asian summer monsoon region is unknown.
A region's prevailing meteorological and oceanic conditions influence the cloud physical properties and eventually affect the radiative balance of the earth-atmosphere system. Cess et al. (2001) showed that the changes in the sea surface temperature (SST) gradient during the 1998 El Niño affected the cloud structure, which resulted in a significant increase in the magnitude of the ratio N (N ϭ ϪSCRF/LCRF). Allan et al. (2002) attributed the changes in N in the tropical western Pacific warm pool during 1998 to the low cloud altitude resulting from the unusual occurrence of subsiding motion and long-term changes in the spatial-mean cloud forcing. Using the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis and the Earth Radiation Budget Experiment (ERBE) datasets, Bony et al. (1997) studied the influence of SST and large-scale circulation on cloud radiative forcing. They found that in the convective regions, the strong dependence of SCRF and
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LCRF on SST is mainly due to the changes in the largescale vertical motion accompanying SST changes. In the present work, an attempt has been made to study the reason for the large high-cloud amount in the Asian monsoon region with the help of satellite-measured cloud-radiative forcing and cloud data from 1985 to 1989.
Data
The ERBE is a three-satellite system launched in October 1984 to measure the earth's radiation budget. The ERBE S4-G top-of-the-atmosphere radiative flux data (Harrison et al. 1990 ) measured by the Earth Radiation Budget Satellite (ERBS) scanner instrument, spatially averaged into 2.5Њ latitude ϫ 2.5Њ longitude grids and temporally averaged into monthly means for the period November 1984-February 1990, were used for the present study. Reported accuracy of these fluxes is Ϯ10 W m Ϫ2 (Kiehl 1994) . The cloud-radiative forcing terms are defined as follows:
where S is the monthly mean incoming solar flux at the top of the atmosphere, and ␣ and ␣ clr are the total-and clear-sky, respectively, albedo of the earth-atmosphere system:
where F and F clr are all sky and clear sky longwave fluxes respectively at the top of atmosphere:
in which SCRF generally is a negative quantity and LCRF is a positive quantity.
Cloud data from the International Satellite Cloud Climatology Project (ISCCP) version D2 monthly (averaged over all eight 3-h time intervals) cloud product dataset (Rossow et al. 1996) for the same period was used in this study. We have used cloud-cover amount, cloud-top pressure, and cloud optical depth from the ISCCP dataset. Cloud amount is the fractional area covered by clouds as observed from satellites, cloud-top pressure is determined from the cloud-top temperature measured by satellites, and cloud optical thickness represents the optical thickness of clouds at visible wavelengths. Clouds are classified into three major types in the ISCCP dataset; namely, high, middle, and low clouds. Clouds with tops above 440 hPa are defined as high clouds. Though Indian National Satellite (INSAT) data over the Indian region were not used in the ISCCP data during the study period (except for part of 1988/ 89), cloud retrieval is achieved mainly with the data from Meteosat, the Geostationary Meteorological Satellite (GMS) on either side of the Indian longitudes, and the National Oceanic and Atmospheric Administration's (NOAA's) polar-orbiting satellite over India. A brief discussion on the reliability of ISCCP data over the Indian region can be found in Bony et al. (2000) , but the inadequate diurnal coverage of the polar orbiter caused several discontinuities in the data.
The highly reflective cloud (HRC) data derived by Garcia (1985) has been used in this study to substantiate the results. The spatial resolution of this data is 1Њ latitude ϫ 1Њ longitude and extends from 25ЊN to 25ЊS and from 0Њ to 359ЊE. The HRC monthly dataset is available from January 1971 to December 1987. Monthly mean horizontal wind components in the NCEP-NCAR reanalysis dataset (Kalnay et al. 1996) in 2.5Њ latitude ϫ 2.5Њ longitude resolution are also used.
Cloud physical properties and cloud radiative forcing: Comparison between the Asian monsoon and western Pacific regions
Several studies focused on the top-of-the-atmosphere cloud radiative forcing over the deep convective regions of the Tropics, particularly over the western Pacific (e.g., Kiehl and Ramanathan 1990) , and it was well established that the NCRF is near zero over the tropical deep convective regions. By comparing the cloud physical properties and top-of-the-atmosphere radiative flux between the Asian monsoon region in the summer monsoon months (June-September) and the western Pacific during April, an attempt has been made to identify the mechanisms that cause unusual cloud physical properties and negative NCRF in the Asian monsoon region. In Fig. 1 , Asian monsoon (0Њ-30ЊN; 60Њ-120ЊE) and western Pacific (10ЊS-10ЊN, 120Њ-150ЊE) regions considered in this study are shown. For detailed analysis, two equal-area 10Њ latitude ϫ 30Њ longitude boxes (one from each region) are also considered. We call these areas the Asian monsoon box (AMB; 15Њ-25ЊN, 70Њ-100ЊE) and the western Pacific box (WPB; 5ЊS-5ЊN, 120Њ-150ЊE), respectively.
The 5-yr (1985-89) mean NCRF, high-cloud amount, and total cloud optical depth averaged during June-September and April are shown in Figs. 2a-f. This figure highlights the unique properties of the clouds in the Asian monsoon region such as the large high-cloud amount and the large cloud optical depth in the monsoon season compared to the western Pacific in April. It is also clear that NCRF is nonzero but negative in the Asian monsoon region during the summer monsoon season and near zero in the western Pacific during April. In general, the combination of a large high-cloud amount and large total cloud optical depth is present over the area of negative NCRF in the Asian monsoon region during the summer monsoon season as pointed out by Rajeevan and Srinivasan (2000) . Data gaps in NCRF over Asia during the monsoon season are due to the difficulties in identifying clear-sky fluxes in persistently cloudy conditions. Area-averaged cloud amounts (low, middle, and high levels) in AMB and the western Pacific for 1985-89 are presented in Fig. 3 . AMB was chosen in such a way that it represents the region of negative NCRF with a large high-cloud amount and high total cloud optical depth. Cloud amounts over the western Pacific show strong interannual variability when compared to the Asian monsoon region, possibly due to circulation changes associated with the Pacific warming event (Cess et al. 2001; Allan et al. 2002) . In Asia, during the summer monsoon season, the amount of low clouds is much smaller (only about 4%). The middle-cloud amount in AMB is almost constant in all 5 yr and is comparable with WPB. Cloud amount increases drastically (about 110%) from the mid-to upper level in AMB during the monsoon season and slightly (only 35%) in WPB in April. These percentages clearly show the unusually large amount of high clouds in the Asian monsoon region. In Cloud-top height affects the cloud radiative forcing over a region (Kiehl 1994 ). In Fig. 5 , the 5-yr (1985-89) mean cloud-top pressures averaged during JuneSeptember and April are shown for the study region. In both the Asian monsoon region during the monsoon season and the western Pacific in April, cloud tops are at high altitudes, and cloud-top pressure is nearly the same (ϳ300 hPa) in both regions. Thus the comparison of cloud-top pressures in these two regions suggests that they are nearly the same and may not be responsible for the negative cloud radiative forcing in the Asian monsoon region.
Unique circulation features of the Asian monsoon region
As mentioned in the first section, prevailing meteorological conditions in a region modify the cloud physical properties and eventually affect the cloud radiative forcing. Therefore, we have started to identify any unique meteorological conditions present in the Asian monsoon region that have the potential to modify cloud physical properties and cloud radiative forcing.
Visible imagery from the INSAT-1D Very High Resolution Radiometer for a typical monsoon day is shown in Fig. 6 . On this particular day, the northward-propagating tropical convergence zone is over the equatorial Indian Ocean, and monsoon activity is weak over India. One important feature in the imagery is the westward spreading of bright clouds with a wispy appearance over large distances in and around the intertropical convergence zone (ITCZ). The dull clouds with fine structures in the Arabian Sea are not wispy in appearance, however. From the cloud-top temperature of the same day (Fig. 7) , obtained from IR data of INSAT-1D, it is clear that the westward-spreading clouds are colder by about 20-40 K than the surroundings. Colder cloud-top temperatures indicate that they are tall clouds. Regions of peak negative temperature indicate the location of the tall convective cells, and the tails show the direction of wind flow. All these features collectively suggest that tall clouds in the Asian monsoon region are swept by easterly winds in the upper troposphere. Examination of the satellite images during the entire monsoon season suggests that the spreading occurs even when the ITCZ moves farther north during the active phases of the monsoon.
The tropical easterly jet in the Asian monsoon region
Satellite images suggest that strong winds in the upper troposphere might be sweeping the cloud tops in the Asian monsoon region. Therefore, we have examined the prevailing wind condition in the Asian monsoon region particularly in the upper troposphere. In Fig. 8 , vertical profiles of 5-yr mean (1985-89) area-averaged zonal wind from NCEP-NCAR reanalysis data in AMB for the monsoon season and in WPB for April are presented. In AMB, westerly monsoonal flow in the lower levels is present with a peak around 850 hPa and a strong easterly jet in the upper troposphere with a core at 100 hPa. The temperature is higher over the heated Tibetan Plateau when compared to the equatorial Indian Ocean in the entire depth of the troposphere during the summer season, which in turn generates easterly wind shear in the upper troposphere (thermal wind). This strong wind shear is called the tropical easterly jet (TEJ) stream (Koteswaram 1958; Asnani 1993) . In the Asian monsoon region, easterly regime starts around 400 hPa and its strength increases upward up to 100 hPa. The speed of TEJ varies considerably within the monsoon season. It is higher in the peak monsoon months (July-August) and lower by about 5-10 m s Ϫ1 in June and September (not shown in figure) . In WPB, though westerlies are present in the lower troposphere and easterlies are present in the upper troposphere, their magnitudes are weaker when compared to AMB. Peak speeds of the upper-tropospheric easterlies are about 8 and 23 m s Ϫ1 in WPB and AMB, respectively.
The strong easterly jet in the monsoon region may not allow the convective clouds to grow higher, and it sweeps upper parts of the tall clouds. Cloud-top heights from ISCCP data (Fig. 5) suggest that the clouds in the Asian monsoon region grow about 300 hPa during the monsoon season. Possibly, deep convective clouds may be spread by easterlies around this altitude. In Fig. 9 , the 5-yr (1985-89) mean horizontal wind vector in the summer monsoon season and April at 100 hPa are shown. TEJ is clearly seen between Southeast Asia and East Africa in the zonal direction and between 5Њ and 25ЊN in the meridional direction. This easterly jet is unique in the Asian monsoon region during the summer monsoon season and is not found prominently anywhere else in the Tropics. Weaker upper-level winds in the western Pacific will favor deep convection. This unique upper-tropospheric easterly jet stream in the monsoon region may increase the high-cloud amount by sweeping the tops of the deep convective clouds beyond a certain altitude.
Influence of the wind shear upon high-cloud amount and cloud radiative forcing
In order to study the influence of TEJ upon high clouds, AMB is divided into 12 equal 5Њ latitude ϫ 5Њ longitude boxes. Zonal wind at 200 hPa (representing the strength of TEJ) and the high-cloud amount are averaged in these boxes for the monsoon months during the 5 yr considered. Since the cloud radiative forcing and ISCCP cloud data used here are monthly means, it is not intended to study the influence of day-to-day variations in TEJ upon high-cloud amount and cloud radiative forcing, but to study the influence of intraseasonal and interannual variation in TEJ upon high-cloud amount and cloud radiative forcing. The variations of high-cloud amount compared to the variations in zonal wind are shown in the form of a scatter diagram (Fig.  10) .
It is interesting to note that the high-cloud amount increases when the velocity of the TEJ (zonal wind at 200 hPa) increases. Increases in wind speed may spread the cloud tops to large distances and cover wider regions. This may ultimately increase the high-cloud amount. The correlation between high-cloud amount and zonal wind at 200 hPa is Ϫ0.36, which is significant at a 99% level of significance. Though the correlation is not high, the scatterplot shows the general association between the high-cloud amount and 200-hPa zonal wind. Large gaps in the optical depth data of high clouds (cirrus, cirrostratus, and deep convective clouds) over the Indian region have prevented our similar efforts to study the association between the optical depth of high clouds and TEJ, which is important for this study.
If the high-cloud amount over the Asian monsoon region is changed by TEJ, cloud radiative forcing also has to be changed because cloud radiative forcing in the Asian monsoon region is largely governed by highcloud amount and cloud optical depth (Rajeevan and Srinivasan 2000) . To study the influence of TEJ upon cloud radiative forcing, top-of-the-atmosphere shortwave, longwave, and net cloud radiative forcing along with the zonal wind at 200 hPa were averaged in the same 12 equal 5Њ latitude ϫ 5Њ longitude boxes during the monsoon months for 1985-89 and are shown as scatter diagrams (Fig. 11) . As expected, cloud radiative forcing also shows a strong association with the strength of TEJ. The magnitudes of SCRF, LCRF, and NCRF increase considerably when the velocity of TEJ increases. The correlations between 200-hPa zonal wind velocity and SCRF, LCRF, and NCRF are listed in Table  1 . Correlation between SCRF and TEJ is relatively higher than that between LCRF and TEJ. It is interesting to note that for a specific increase in the velocity of TEJ, the rate of increase in the magnitude of SCRF is higher than LCRF. The changes in the magnitude are about 30 W m Ϫ2 in SCRF and 12 W m Ϫ2 in LCRF for a 10 m s change in wind speed. Increase in the velocity of TEJ increases the high-cloud amount and decreases the cloud-top height. Increase in high-cloud amount may increase both SCRF and LCRF. However, the decrease in cloud-top height may decrease LCRF. This may be the reason for the difference in the rate of change of SCRF and LCRF.
Thus NCRF (LCRF ϩ SCRF) significantly increases when the TEJ velocity increases due to the difference in the rate of increase in the magnitudes of SCRF and LCRF. The increase in the magnitude is about 18 W m Ϫ2 for a 10 m s Ϫ1 increase at 200-hPa wind speed. This value is higher than the uncertainty limit of ERBE data. To check the consistency of the association between cloud radiative forcing and TEJ, area-averaged NCRF and TEJ in the 12 equal-area boxes are plotted as a scatter diagram for each year separately (Fig. 12) . In all five years, association between the magnitude of NCRF and TEJ is consistently seen. Slopes of the linear fit lines and the correlations also do not change significantly throughout these years.
Though TEJ and large high-cloud amount are found in a vast region from the equator to about 30ЊN, the region of negative cloud radiative forcing is limited to north of about 10ЊN. In the near equatorial latitudes, net cloud radiative forcing is near zero. This may happen due to the following reason: during monsoon season, clouds do not cover the Asian monsoon region permanently. ITCZ repeatedly moves from south to north with a varying period of 30-60 days (Sikka and Gadgil 1980; Yasunari 1979) . During its northward journey, ITCZ is present for a lesser number of days near the equator and for a greater number of days in the north during each monsoon month. In order to show this, torial Indian Ocean. This means that TEJ can sweep the clouds for a greater number of days in the northern parts of the Asian monsoon region than the southern parts. It is suggested that TEJ may cool parts of the Asian monsoon region whenever ITCZ is overhead by spreading the cloud tops. But the near equatorial latitudes may be cooled for relatively fewer days compared to the northern parts of the Asian monsoon region. In the monthly mean radiative flux data, a few days of cooling by clouds may be smoothed out during the averaging process and may not be prominent. It is envisaged that the region of negative NCRF in the Asian monsoon region may also move from south to north following ITCZ and may play a crucial role in the maintenance of active and break phases of the monsoon. It is also important to note that in Fig. 5 the cloudtop height generally decreases from the east Arabian Sea to the west Arabian Sea. Due to their reduced altitudes, cloud tops will not be spread by TEJ. This may be the reason for the steep decrease in the high-cloud amount in the western parts of the Asian monsoon region from east to west. Surprisingly, though the highcloud amount, cloud optical depth, and HRC days occur less frequently over the Arabian Sea when compared to AMB, NCRF is negative with magnitudes between 15 and 20 W m Ϫ2 . We suggest that the reduced altitudes VOLUME 17 of the clouds in the Arabian Sea by lower-tropospheric thermal inversion (Narayanan and Rao 1981, 1989 ) may be the reason for the negative NCRF in the Arabian Sea.
Conclusions and discussion
Analysis of the 5-yr, satellite-measured top-of-theatmosphere cloud radiative forcing and cloud data, as well as NCEP-NCAR reanalysis data, suggests that the deep convective clouds in the Asian monsoon region are swept by TEJ in the upper troposphere around 300 hPa during the summer monsoon season. This jet is unique in the Asian monsoon region and not found prominently anywhere else in the Tropics. The sweeping of cloud tops by TEJ was found to be responsible for the large high-cloud amount in the Asian monsoon region.
Significant association was found between the highcloud amount and the speed of TEJ during 1985-89. Similarly, the magnitudes of SCRF, LCRF, and NCRF were found to be highly dependent upon the speed of TEJ in the Asian monsoon region. The rate of change of SCRF is higher than that of LCRF for a specific change in the speed of TEJ. The rate of change is 30 W m Ϫ2 for SCRF and 12 W m Ϫ2 for the LCRF for a 10 m s Ϫ1 change in 200-hPa wind. This imbalance causes an increase in the magnitude of NCRF whenever the speed of TEJ increases (18 W m Ϫ2 for a 10 m s Ϫ1 change in 200-hPa wind) in the Asian monsoon region. Overall, the results suggested that strong upper-tropospheric winds (TEJ) in the Asian monsoon region cool this region by spreading the cloud tops and increasing the high-cloud amount. It is to be remembered that the correlations between the velocity of TEJ and SCRF, LCRF, and NCRF are not high. We suggest that apart from TEJ, other meteorological (e.g., shifts in the position of convective clouds between excess and deficient monsoon years) and cloud microphysical properties (water/ ice particle size, shape, etc.) may also affect the cloudradiative forcing in the Asian monsoon region. Also, it is important to note that large data gaps are present in the radiative flux data over the Indian region. If the data were completely available for the Indian region, present estimates regarding the rate of change of SCRF, LCRF, and NCRF might change slightly.
Current general circulation models do not represent many features (e.g., structure, life cycle, etc.) of the cirrus anvil clouds even though the radiative forcing from these clouds plays a dominant role in determining the diabatic heating that drives the general circulation (Zender and Kiehl 1997) . Randall (1989) suggests that the parameterization of high clouds, especially anvils in the deep convective clouds, remains one of the serious weaknesses of the cloud parameterization schemes. The cloud and radiation parameterization schemes of the atmospheric general circulation models need to incorporate the influence of upper-tropospheric wind shear upon cloud physical and radiative properties in the Asian monsoon region in order to more accurately simulate the regional climate.
